Aims Plasma xanthine oxidoreductase (XOR) activity during the acute phase of acute heart failure (AHF) requires further elucidation. Methods and results One hundred eighteen AHF patients and 231 control patients who attended a cardiovascular outpatient clinic were prospectively analysed. Blood samples were collected within 15 min of admission from AHF patients (AHF group) and control patients who visited a daily cardiovascular outpatient clinic (control group). Plasma XOR activity was compared between the two groups, and factors independently associated with extremely elevated XOR activity were identified using a multivariate logistic regression model. Plasma XOR activity in the AHF group (median, 104.0 pmol/h/mL; range, 25.9-423.5 pmol/h/mL) was significantly higher than that in the control group (median, 45.2 pmol/h/mL; range, 19.3-98.8 pmol/h/mL). The multivariate logistic regression model showed that serum uric acid (per 1.0 mg/dL increase, odds ratio: 1.280; 95% confidence interval: 1.066-1.536; P = 0.008) and lactate levels (per 1.0 mmol/L increase, odds ratio: 1.239; 95% confidence interval: 1.040-1.475; P = 0.016) were independently associated with high plasma XOR activity (>300 pg/h/mL) during the acute phase of AHF. Conclusions Plasma XOR activity was extremely high in patients with severely decompensated AHF. This would be associated with a high lactate value and would eventually lead to hyperuricaemia in patients with AHF.
Introduction
Elevated serum uric acid (UA) has been established as an important biomarker associated with high mortality and adverse outcomes in patients with chronic and acute heart failure (AHF). [1] [2] [3] We previously reported that serum UA levels upon admission of patients with severely decompensated AHF requiring intensive care were an independent predictor of the patients' midterm prognosis, including all-cause death and heart failure (HF) events. 3 However, the mechanism underlying the association between elevated serum UA levels and poor prognosis remained unclear.
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Serum UA is the final product of purine metabolism. Xanthine oxidase (XO) and xanthine dehydrogenase (XDH), two interconvertible forms of xanthine oxidoreductase (XOR), 5, 6 are the most important enzymes in this metabolic system. While XO and XDH both catalyse UA production, their electron acceptors differ, with XO requiring NAD + as its electron acceptor and XDH requiring reduced molecular oxygen. 5 Reactive oxygen species (ROS), such as hydrogen peroxide (H 2 O 2 ) and superoxide anion (O 2 À ), are generated through the production of UA from xanthine, a reaction catalysed by XO.
5
It is the ROS by-products that lead to cell damage. Although the ratio of XDH to XO activity in the blood had not been sufficiently studied, 7 nowadays, the major hypothesis is that XDH is quickly converted to XO after being transferred to the bloodstream. 8 Therefore, measurement of plasma XOR activity may reflect the amount of XO in the blood. From this point of view, an excessive increase in XOR activity would not only lead to elevated serum UA levels but also induce increased oxidative stress. Thus, the production of ROS via the activation of XOR may be one mechanism that leads to an adverse outcome in hyperuricaemic AHF. We therefore hypothesized that increased XOR activity would occur during the acute phase of AHF. Recently, a strategy for measuring XOR levels was established, and several reports have been published regarding XOR levels observed in patients with chronic HF and cardiac disease and in normal volunteers. [9] [10] [11] In this study, we evaluated plasma XOR activity immediately after admission in patients with severely decompensated AHF patients requiring intensive care.
Methods

Subjects
A total of 118 consecutive AHF patients who were admitted to the intensive care unit of Nippon Medical School Chiba Hokusoh Hospital between December 2016 and March 2018 were prospectively enrolled in this study. AHF was defined as either new-onset HF or the decompensation of chronic HF with symptoms sufficient to warrant hospitalization.
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Based on the European Society of Cardiology guidelines for the diagnosis of AHF, an abnormal electrocardiogram or the presence of pulmonary oedema on chest X-ray and a B-type natriuretic peptide (BNP) level of ≥100 pg/mL are required to diagnose AHF. 13 The treating physician in the emergency department diagnosed AHF based on these criteria within 30 min of admission. All of the patients had a New York Heart Association (NYHA) functional class of either III or IV. Patients who met any of the following criteria were admitted to the intensive care unit: (i) require high-flow oxygen inhalation (including mechanical support) to treat orthopnea; (ii) require inotrope or mechanical support due to low blood pressure; and (iii) require various types of diuretics to improve generalized or pulmonary oedema. All patients in the present study received either diuretics or vasodilators after admission for the treatment of AHF.
In addition, a total of 231 patients who attended the cardiovascular outpatient clinic of Nippon Medical School Chiba Hokusoh Hospital, Hasegawa Hospital, and Toho Kamagaya Hospital were enrolled as a control group. The period of enrolment was the same for the control and AHF groups. Patients in the control group included those with cardiovascular disease (i.e. prior myocardial infarction, compensated HF, arrhythmia, hypertensive heart disease, and cardiomyopathy) and without pre-existing cardiovascular conditions (i.e. hypertension, dyslipidaemia, or diabetes mellitus).
Xanthine oxidoreductase measurement and comparisons
Blood samples were collected from AHF patients within 15 min of admission. For the control group, blood samples were collected during their daily outpatient clinic appointment. The blood samples were centrifuged within 5 min at 4°C and were immediately frozen at À80°C until analysed. A plasma XOR activity assay was performed using a stable isotope-labelled substrate and liquid chromatography triple quadrupole mass spectrometry (LC-TQMS; Sanwa Kagaku Kenkyusho Co., Ltd, Japan).
To remove small molecules, including hypoxanthine, xanthine, and UA, 100 μL of each plasma sample was purified using a Sephadex G25 column. pmol/h/mL plasma. The lower limit of detection for XOR activity was 6.67 pmol/h/mL, and the upper limit of detection was 6.670 pmol/h/mL. The inter-detection assay coefficients of variation of pooled human plasma activity were 6.5% and 9.1%, respectively. 14 XOR activity was reported with no addition of NAD + ; therefore, it was impossible to measure the actual XO activity. The standard reporting for XO is U/mL of plasma (1 U = 1 μmol of UA formed/min) and is pmol/h/mL of plasma for XOR (600 pmol/h/mL plasma, which equals 10 μU/mL plasma).
Xanthine oxidoreductase activity was compared between AHF patients (AHF group, n = 118) and outpatients (control group, n = 231). We also compared patients' characteristics (gender, age), vital signs (systolic blood pressure, heart rate), risk factors for atherosclerosis and co-morbidities [diabetes mellitus, hypertension, dyslipidaemia, hyperuricaemia, and XOR in AHF chronic kidney disease (CKD)], laboratory data [sodium, potassium, blood urea nitrogen, creatinine, total bilirubin, UA, haemoglobin, BNP, and C-reactive protein (CRP)], and medications (XOR inhibitor). The factors significantly associated with increased XOR activity were determined by multivariate logistic regression analysis.
In addition, arterial blood gas data (i.e. pH, PO 2 , PCO 2 , HCO 3 À , and lactate) were measured in AHF patients using an ABL800 FLEX© blood gas analyzer (ABL800; Radiometer Medical ApS, Copenhagen, Denmark). Lactate levels were evaluated in the emergency room using the amperometric measurement method. The left ventricular ejection fraction (LVEF) was evaluated in AHF patients in the emergency room upon admission and calculated using the Teichholz method or modified Simpson's method (Vivid I; GE Yokogawa Medical, Tokyo, Japan).
Statistical analyses
All of the data were statistically analysed using the SPSS 22.0 J software program (SPSS Japan Institute, Tokyo, Japan). All numerical data were expressed as the median and the 25-75% interquartile range, depending on normality. Normality was assessed using the Shapiro-Wilk W-test. The Mann-Whitney U test was used to compare the two groups (AHF vs. control).
Comparisons of all proportions were performed using a chisquared test. P-values <0.05 were considered to indicate statistical significance. All clinically relevant factors affecting increased XOR activity, including serum UA levels (per 1.0 mg/dL increase), preadministrated XOR inhibitor, LVEF upon admission (per 10% increase), serum creatinine levels (per 1.0 mg/dL increase), serum BNP levels (per 10 pg/mL increase), and lactate levels (per 1.0 mmol/L increase), were selected for inclusion in the multivariate logistic regression model. The multivariate logistic regression analysis was performed using backward stepwise selection.
Ethical considerations
The research ethics committee of the Chiba Hokusoh Hospital, Nippon Medical School approved the study protocol. Written informed consent was obtained from all of the participants before commencing the study.
Results
Patient characteristics
The AHF patient cohort consisted of 76 (64.4%) male patients and 42 (35.6%) (median age, 75 years). A total of 76 (64.4%) patients had new-onset HF, 56 (47.5%) had ischaemic heart disease, and 62 (52.5%) had non-ischaemic heart disease, including cardiomyopathy (n = 21), hypertensive heart disease (n = 14), and valvular heart disease (n = 21). Most patients (93.2%) were NYHA class IV. The median LVEF upon admission was 37.0% ( Table 1) . The systolic blood pressure, heart rate, and incidence of CKD in the AHF group were significantly higher than those in the control group. In the AHF group, the serum sodium and haemoglobin levels were significantly decreased, while the serum creatinine, blood urea nitrogen, CRP, and BNP levels were significantly increased, in comparison with the control group ( Table 1) . Furthermore, the plasma XOR activity in the AHF group (median, 104.0 pmol/h/mL; range, 25.9-423.5 pmol/h/mL) was significantly higher than that in the control group (median, 45.2 pmol/h/mL; range, 19.3-98.8 pmol/h/mL) (Table 1, Figure 1 ).
Plasma xanthine oxidoreductase activity in acute heart failure and control patients
The distribution of XOR activity in the control group and in AHF patients is illustrated in Figure 2 . For the control group (n = 231), plasma XOR activity was <25 pmol/h/mL in 71 (30.7%) patients and >300 pmol/h/mL in seven (3.0%). For the AHF group (n = 118), plasma XOR activity was <25 pmol/h/mL in 29 (24.6%) patients and >300 pmol/h/mL in 34 (28.8%). Multivariate logistic regression analysis revealed that serum UA levels (per 1.0 mg/dL increase, odds ratio: 1.280; 95% confidence interval: 1.066-1.536; P = 0.008) and lactate (per 1.0 mmol/L increase, odds ratio: 1.239; 95% confidence interval: 1.040-1.475; P = 0.016) were independently associated with high plasma XOR activity during the acute phase of AHF ( Table 2) .
Discussion
Xanthine oxidoreductase activity and oxidative stress in acute heart failure patients Plasma XOR activity is a novel biomarker of metabolic disorders, developed in 2016 by the Sanwa Kagaku Kenkyusho group. 15, 16 Their technique enables the stable measurement of tiny amounts of human XOR activity in vivo.
14 However, the value of human XOR activity has not been previously evaluated in patients with severely decompensated AHF. Xanthine oxidoreductase is expressed primarily in the liver and intestine, as well as in other major organs, including adipose tissue, vascular tissue, and the kidneys. XOR is sometimes used to refer to both XO and XDH, where XO, in particular, produces ROS that might induce organ dysfunction. XOR activity is enhanced by various stimuli, including inflammatory cytokines (i.e. interferon-γ, interleukin-1, and interleukin-6), hypoxic stimulation, virus infection, ischaemia, and transplantation. 8, 17 A previous study showed that a certain level of XOR was expressed on the vascular endothelium, wherein XO binds to glycosaminoglycan residues as a consequence of tissue damage such as ischaemia and inflammation.
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It is believed that the enhancement of XOR activity produces ROS and ultimately induces oxidative stress. These mechanisms adversely affect various types of disease conditions.
In the present study, the XOR activity of AHF patients was extremely high compared with cardiovascular outpatients. As oxidative stress was associated with enhanced XOR activity, this pathway may be one of the mechanisms by which oxidative stress is enhanced in AHF patients. Several other reports have suggested that oxidative stress is up-regulated by other mechanisms in AHF patients.
19,20
Xanthine oxidoreductase values reported in previous studies
Even though plasma XOR activity is a new surrogate biomarker that reflects oxidative stress, some interesting articles on human plasma XOR activity have recently been published. [9] [10] [11] 21, 22 The first report on plasma XOR activity in humans by Otaki et al. evaluated plasma XOR activity in 440 patients with chronic HF whose status was mainly NYHA class AHF, acute heart failure; BUN, blood urea nitrogen; CKD, chronic kidney disease; CRP, C-reactive protein; HF, heart failure; LVEF, left ventricular ejection fraction measured by echocardiography; NYHA, New York Heart Association; XOR, xanthine oxidoreductase.
XOR in AHF II. 9 The median XOR activity was 73.2 pmol/h/mL, and chronic HF patients with high XOR activity tended to have a worse grade of NYHA and to experience adverse cardiovascular events. 9 Washio et al. investigated plasma XOR activity in 29 healthy young volunteers and found the natural logarithmic XOR activity value to be 3.4 ± 0.8 pmol/h/mL. 
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In comparison with previous reports, the median value of XOR activity observed in the present study was extremely high at 104 pmol/h/mL. This suggests that patients with severely decompensated AHF suffered from excessive oxidative stress, which could have been caused by enhanced XOR activity during the acute phase.
Factors associated with high xanthine oxidoreductase activity in acute heart failure patients
In the present study, the multivariate logistic regression model showed that serum UA and lactate levels upon In the control group, the plasma XOR activity was <25 pmol/ h/mL in 71 (30.7%) patients and >300 pmol/h/mL in seven (3.0%). (B) In the acute heart failure (AHF) group, the plasma XOR activity was <25 pmol/h/ mL in 29 (24.6%) patients and >300 pmol/h/mL in 34 (28.8%).
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admission were independent predictors of high plasma XOR activity (≥300 pmol/h/mL) ( Table 2 ). It is reasonable that patients with extremely high XOR activity were included among patients who also had high serum UA levels. Theoretically, XOR activity should be positively correlated with the serum UA levels because the production of UA requires activation of XOR. While the results of some recent studies support this hypothesis, 11, 21, 23 other studies report conflicting results. 9,10,22 Nevertheless, although XOR activity and serum UA levels were significantly correlated in the present study, the correlation coefficient was not definitive [r = 0.335 (Spearman), data not shown]. There are several possible explanations for these inconsistencies. First, patients with elevated serum UA levels included those with not only excessive production but also decreased excretion of UA. According to the current guidelines, hyperuricaemia caused by excretory failure accounts for approximately 60% of all cases of hyperuricaemia. 24 Although XOR activity should theoretically increase in patients in whom UA is overproduced, patients with decreased excretion due to conditions such as advanced renal failure or cardiac dysfunction may not necessarily show elevated XOR activity. Indeed, we previously reported that the majority of AHF patients also had acute kidney injury and/or worsening renal function. 25 Second, some of the previous studies excluded patients who had taken XOR inhibitors. In this present study, 18 (62.1%) of the 29 patients in the AHF group who had extremely low XOR activity (≤25 pmol/h/mL) also had a history of XOR inhibitor intake before admission. Lactate levels were another factor independently associated with high plasma XOR activity (>300 pmol/h/mL). The lactate level is known to be positively correlated with the severity status of patients in intensive care. Authoritative guidelines, such as the Surviving Sepsis Campaign Guidelines, therefore strongly recommend a proactive approach based on the serum lactate value when managing patients with severe sepsis or septic shock. 26 Lactate is mainly produced by anaerobic metabolism and is widely considered to be a marker of peripheral circulation insufficiency, including hypoxaemia. Systemic hypoxia due to pulmonary congestion and peripheral circulatory insufficiency caused by the central shift of the blood flow as a consequence of low cardiac output has been suggested as one of the pathophysiological mechanisms that could lead to the development of AHF. These situations would then result in the production of lactate and in subsequent elevation of serum lactate levels. Thus, the serum lactate level is an indicator of tissue hypoxia in patients with severely decompensated AHF.
There are some reasonable hypotheses as to why a high lactate level might be associated with XOR activity in AHF patients. First, tissue hypoxia directly induces the mobilization of XDH into the blood. Although XDH and XO distribution is still controversial, the primary source of XDH has been reported to be the liver and the intestine. 27 XDH is released into the circulation from the liver and the intestine due to tissue ischaemia or hypoxaemia, and it is rapidly and irreversibly converted to XO by proteolysis. 27 In fact, it has been previously reported that the XOR level is elevated in situations of tissue hypoxia. 28 Second, adenosine triphosphate is produced by anaerobic metabolism in AHF due to tissue hypoxia; however, its levels are insufficient to maintain the diseased state, resulting in the broken down of such adenosine triphosphate. Lactate and hypoxanthine are also produced by this anaerobic pathway, with the latter accelerating this purine metabolism pathway, activating the enzymatic activity of XOR. Serum lactate, an indicator of issue hypoxia, is therefore a factor associated with the increase in XOR activity in AHF patients. Moreover, our results suggest the possibility that lactate directly induces the mobilization of XDH from the liver or the intestine into systemic circulation. Further research will be required to investigate the association between XOR activity and lactate. The lactate level is not routinely evaluated in patients admitted in the general hospital wards. The present findings may serve useful for elucidating the mechanisms underlying XOR enhancement in patients with severely decompensated AHF requiring intensive care. Previous reports on XOR activity have only included non-intensive care patients; thus, our 
Limitations
This study has several limitations. First, as it was a singlecentre study, some patient-related biases might have been included. Second, our study cohort included patients administered XOR inhibitors at the time of admission. Sephadex G25 was used to remove small molecules such as xanthine and hypoxanthine, which are competitive inhibitors of stable isotope-labelled [ 13 C 2,
15
N 2 ]-xanthine in XOR activity assay, as well as the interfering drug molecules from plasma samples. However, the study enrolled patients who had been administrated medications that decreased UA, including allopurinol (n = 5), febuxostat (n = 91), and topiroxostat (n = 2). If any of these drugs remained in the samples, the XOR activity may have been underestimated. Furthermore, the time after the administration of XOR inhibitors is an important additional consideration. The percentages of these drugs that remained after exclusion with Sephadex G25 have not been reported. Although the results in patients who were treated with XOR inhibitors were almost the same as those of who did not receive XOR inhibitors (data not shown), further studies are required to investigate this issue. Third, in this paper, we did not consider the influence of other substances that may have affected XOR activity. Vitamins E and C, which are known antioxidants, have been reported to be inversely correlated with XO activity in healthy humans. 29 Therefore, including patients who were taking antioxidant supplements could have affected the results of this study. Fourth, the patients enrolled in the control group were heterogeneous, with some having cardiovascular and non-cardiovascular diseases. This heterogeneous population cohort might not have approximated for a control group. Indeed, there were seven (3.0%) patients with extremely high XOR (≥300 pmol/h/mL) activity in the control group, six of which had cardiovascular diseases, including end-stage HF, prior myocardial infarction, hypertensive heart disease, myocarditis, and arrhythmia. Although this study's population is too small to be resolved by a statistical approach, we hypothesized that XOR activity was higher in patients with cardiovascular disease than in those with non-cardiovascular disease. Further study regarding XOR activity in patients seen at the outpatient clinic will be required. Furthermore, because the patients were not completely enrolled consecutively, patient selection may have been biased. Fifth, representative markers of oxidative stress were not evaluated; thus, we were unable to show a direct relationship between XOR activity and oxidative stress in the present study. Finally, we did not present timedependent change in XOR activity throughout AHF treatment. This is essential to establish XOR activity as a biomarker influenced by emergency stress.
Conclusions
Plasma XOR activity was extremely high in patients with severely decompensated AHF. This would be associated with a high lactate value and would eventually lead to hyperuricaemia in patients with AHF.
